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 Near infrared (NIR) spectroscopic technology has been getting more 
attention in various fields. The development of a low cost NIR spectroscopy 
is crucial to reduce the financial barriers so that more NIR spectroscopic 
applications will be investigated and developed by means of the NIR 
spectroscopic technology. This study proposes an alternative to measure 
shortwave NIR spectrum using one collimating lens, two slits, one NIR 
transmission grating, one linear array sensor, and one microcontroller. Five 
high precision narrow bands NIR light emitting diodes (LEDs) were used to 
calibrate the proposed spectroscopy. The effects of the proposed two slits 
design, the distance between the grating and linear array sensor, and three 
different regression models were investigated. The accuracy of the proposed 
design was cross-validated using leave-one-out cross-validation. Results 
show that the proposed two slits design was able to eliminate unwanted 
signals substantially, and the cross-validation was able to estimate the best 
model with root mean squared error of cross-validation of 3.8932nm. 
Findings indicate that the cross-validation approach is a good approach to 
estimate the final model without over-fitting, and the proposed shortwave 
NIR spectroscopy was able to estimate the peak value of the acquired 
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1. INTRODUCTION   
Near infrared spectroscopic technology has been getting more attention in various fields e.g. 
agriculture [1], Chinese medicine [2], [3], neuro-economic research [4], and food industry [5] to potentially 
replace conventional measurement approaches (e.g. sensory evaluation and chemical analysis) that are time-
consuming, expensive per measurement, destructive, or inconvenient. Near infrared spectroscopic technology 
is promising to be an alternative measurement approach because the acquired reflected or the transmitted 
near infrared energy from a sample contains information that related to the composition of C-H, N-H, and  
O-H bonds of the sample. Since these composition are the common and basic chemical composition of many 
products e.g. agriculture products and food, many researches have been conducted to investigate the 
relationship between a component of interests e.g. pH, glucose, and soluble solids content and the near 
infrared energy.  
Near Infrared Spectroscopic research aims to relate the component of interest to the absorption of 
the near-infrared light energy. The amount of the absorption is related to the chemical bond of molecule. In 
fact, the bond among atoms naturally will vibrate, the higher state of excitement requires more energy. Light 
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energy from Near Infrared LED provides more energy for chemical bond in atoms to vibrate. Different 
molecules contain different types of bonding among atoms, therefore, energy required by an atom to vibrate 
and excite to next level is different. Consequently, this variation energy can be seen in spectrum and provide 
related information to analyze the types of molecule that present in the samples. 
There are three challenges in near infrared spectroscopic research. First, the modelling or the so-
called chemo metrics. The modelling part focuses on extracting related information from these highly 
redundant and over-lapping near infrared spectral data, and then relating these information to a component of 
interests using a calibration model e.g. artificial neuron network and adaptive linear neuron [6]. The 
modelling part is crucial to ensure the near infrared spectroscopic technology is capable of achieving satisfied 
measurement accuracy in novel applications [7]. Second, the experimental design that aims to ensure the 
acquired near infrared spectral data has minimum effects from the surrounding e.g. temperature and moisture, 
and the acquired reference data are representative and accurate. A small deviation of temperature or moisture 
may ultimately cause the acquired data contain unwanted signals. Lastly, a market available near infrared 
spectroscopy is still relatively expensive and bulky. The development of a low cost and portable near infrared 
spectroscopy is crucial to reduce the financial barriers so that more applications will be developed for 
personal use in home by means of the near infrared spectroscopic technology [8]. 
Several attempts have been proposed to reduce the financial barrier of implementing spectroscopic 
analysis by replacing an expensive halogen lamp with wavelength selective light emitting diodes (LEDs) and 
a detector by photodiodes [9-13]. Even though the proposed alternative does not require accurate alignment 
of the components to guarantee high precision measurements as a commercial spectrometer needs [12], it is 
worth to highlight that only limited wavelengths can be measured because only wavelength selective light 
emitting diodes (LEDs) were used in the proposed measurement device. On the other hand, a recent work has 
presented a simple and inexpensive designs to acquire visible spectrum with acceptable accuracy [14]. This 
suggests that shortwave near infrared spectrum i.e. from 700–1000nm may be acquired using similar 
inexpensive setup that consists of a transmission grating, a slit, and a detector. Thus, this study aims to 
evaluate the feasibility of an alternative to measure shortwave near infrared spectrum. 
 
 
2. MATERIALS AND METHODS 
2.1. Spectrometer Development 
Figure 1 illustrates the top view of the proposed shortwave near infrared spectroscopy that consists 
of a poly (methyl methacrylate) collimating lens(with 4.5mm beam aperture diameter for 200nm-1100nm), 
two slits, one near infrared transmission grating with 300G/mm and 24.5 degree (ThorLabs), one 1x256 
linear array sensor, and one microcontroller (Arduino Nano). The collimating lens was used to make the 
acquired light travels parallel into the spectrometer. This will ensure the position of each wavelength is 
independent on acquisition setup so that the proposed spectrometer can accurately estimate the unknown 
wavelengths. Two slits were used, instead of one slits in a general spectrometer, to ensure only desired light 
can be pass through toward the transmission grating. The distance between first slit and second slit is fixed at 
1.3cm. The transmission grating would disperse the light on the linear array sensor. The linear array sensor 
that consists of 256 photodiodes with a dimension of 63.5μm ×55.5μm each and with 8-μm spacing between 





Figure 1. The top view of the proposed shortwave near infrared spectroscopy where the top cover was opened 
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Next, the microcontroller was used to interface with the linear array sensor, and then to transmit the 
data from the linear array sensor to a computer using a USB cable for record and analysis. All of these setup 
are inside an aluminum black box with a dimension of 100mm×76mm×35mm. The distance between the 
grating and the linear array sensor was adjusted until the dispersed light can be measured by the linear array 
sensor. Lastly, Matlab (R2009b) software was used to interface with the microcontroller for record and 
analyze the acquired data. 
 
2.2. Wavelength Calibration  
Wavelength calibration aims to ensure that the proposed spectroscopy is capable of identifying the 
wavelength of the acquired spectrum. Five high precision narrow bands near infrared LEDs (ThorLabs) with 
different center wavelengths of 780nm, 851nm, 870nm, 910nm, and 940nm were used as the references for 
calibration and validation. Since there were five data, leave-one-out cross-validation was used to validate the 
accuracy of the designed shortwave near infrared spectroscopy. The calibration model aims to estimate the 
wavelength when the unknown light is measured based on the following relationship, i.e. y = mX, in which, y 
is the estimated wavelength, X is the pixel position of the linear array sensor with value between 1 and 255  
(i.e. from first pixel to the last pixel of the linear array sensor), and the m is the coefficient value that relates 
the X and y. One of the challenges was to ensure the acquired light would be successfully dispersed on the 
linear array sensor using the grating. The preliminary test was to ensure the peak of the acquired spectrum 
would be in the logic sequence. To avoid an extrapolation prediction, the prediction of both 780 and 940nm 
were excluded during the cross-validation. Three different regression models i.e. linear, quadratic, cubic 
regression models would be investigated to avoid both under- and over-fitting issues. Root mean squared 
error of cross-validation (RMSECV) was used to determine the best model. The architectures of the best 
models during the cross-validation would be averaged and used as the final model for the proposed sensor to 
predict the wavelength of the acquired spectrum.  
 
 
3. RESULTS AND ANALYSIS 
3.1. The Effects of the Second Slit 
Figure 2 illustrates that the proposed two slits design was able to remove unwanted signals and the 
peak of the spectrum can easily be observed. These unwanted signals may be due to the present design did 
not consist of various focus lens to guide the light travels to the desired path. The proposed solution that used 
an extra slit to block unwanted light from other directions successfully filtered the noises. The first maximum 
of the peak of the 780nm was allocated at the 111st pixel of the linear array sensor. The second maximum of 
the peak was observed at 45th and 189th pixels. The similar findings were obtained for the rest of high 









Figure 2. The intensity of the acquired light from the LED with peak at 780nm against the location of the 
pixels in the linear array sensor when the proposed design used: (a) single slit, and (b) two slits, respectively 
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3.2. The Distance between the Grating and Linear Array Sensor  
Figure 3 depicts that the position of the peak would be shifted to left when the distance between the 
grating and the linear array sensor was increased. The same effect was observed for the rest of high narrow 
bands LEDs i.e. 851nm, 870nm, 910nm, and 940nm. In order to identify the most suitable distance between 
the grating and the linear array sensor, the total pixels between the peaks of different wavelengths were 
analyzed. Results indicate that distances of 2.5cm gave a better resolution compare to that of 1.7cm and 











Figure 3. The intensity of the acquired light against the location of the pixels in the linear array sensor from 
the LED with peaks of: (a) 780nm, and (b) 851nm, d = the distance between Distance between the linear 
array sensor and grating 
 
 
3.3. The Accuracy of the Shortwave near Infrared Spectrum 
Table 1 tabulates the position of the acquired wavelength via the proposed shortwave near infrared 
sensor. All the acquired spectrum were in the correct sequence. This indicates that the proposed design was 
able to detect the peak of a given spectrum at the correct sequence. The detail of the predicted value via the 
best model would be explained after we had discussed the outcomes of the cross-validation as follow. 
 
 
Table 1. The position of the peaks that detected in the linear array sensor 
Wavelength, nm Position Predicted value via the best model, nm 
780 128th 780.3584 
851 136th 852.8096 
870 138th 868.7244 
910 144th 911.1936 
940 149th 940.5401 
 
 
Table 2 tabulates the cross-validation performance of three different regression model of linear, 
quadratic, and cubic. Results depicts that the model was under-fitted when simple model of linear regression 
was used. On the other hand, the model was over-fitted when complex model of cubic regression was 
applied. Consequently, quadratic regression model achieved the best performance with root mean squared 
error of cross-validation of 3.8932nm. Finding implies that there was a nonlinear relationship between the 
spectrum detected by the proposed design and the respective wavelength. 
Table 3 tabulates the coefficient of the quadratic regression models that were used for the cross-
validation. The estimated final model that used to predict the wavelength of the acquired spectrum equals  
-0.1099X
2
 + 38.07X – 2292 by averaging the coefficient values from the cross-validation. The final model 
was able to estimate the peak value of the acquired spectrum as that tabulated in Table 1. The root mean 
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square error of the final model was 1.1616nm that was smaller than the RMSECV. This shows that the cross-
validation approach was able to estimate the optimal final model without over-fitting problem. 
 
 
Table 2. Leave-one-out cross validation for the proposed shortwave near infrared sensor 





Error, nm RMSECV, nm 
Linear 
regression 
1 0.9859 851 846.2717 -4.7283 
10.7359 2 0.9916 870 860.6977 -9.3023 
3 0.9886 910 907.4761 -2.5239 
Quadratic 
regression 
1 0.9995 851 853.2834 2.2834 
3.8932 2 1.0000 870 866.9901 -3.0099 
3 0.9989 910 910.9402 0.9402 
Cubic 
regression 
1 NaN 851 854.8528 3.8528 
10.1605 2 NaN 870 866.9437 -3.0563 
3 NaN 910 918.8911 8.8911 
 
 
Table 3. The coefficient of the quadratic regression models 
Cross-validation X2 X Constant 
1 -0.1193 40.64 -2467 
2 -0.098 34.77 -2065 
3 -0.1125 38.79 -2343 




The feasibilities of the proposed alternative to measure shortwave near infrared spectrum between 
780 and 940nm were investigated. The proposed two slits design was able to eliminate unwanted signals 
substantially so that the peak of the wavelength could be visualized clearly. The accuracy of the proposed 
design was validated using cross-validation approach. The best model was obtained using quadratic 
regression model with root mean squared error of cross-validation of 3.8932nm. The equation of the final 
model was y = -0.1099X
2
 + 38.07X – 2292 with root mean squared error of 1.1616nm. Finding suggests that 
shortwave near infrared spectrum can be measured using the proposed design. In other words, the proposed 
design is promising to encourage more shortwave near infrared spectroscopic analysis by reducing the 
financial barrier. In future, we will investigate the feasibility of the proposed shortwave near infrared 
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